Streptococcus sanguinis is one of the pioneers in the bacterial colonization of teeth and is one of the most abundant species in the oral biofilm called dental plaque. S. sanguinis is also the most common viridans group streptococcal species implicated in infective endocarditis. To investigate the association of biofilm and endocarditis, we established a biofilm assay and examined biofilm formation with a signature-tagged mutagenesis library of S. sanguinis. Four genes that have not previously been associated with biofilm formation in any other bacterium, purB, purL, thrB, and pyrE, were putatively identified as contributing to in vitro biofilm formation in S. sanguinis. By examining 800 mutants for attenuation in the rabbit endocarditis model and for reduction in biofilm formation in vitro, we found some mutants that were both biofilm defective and attenuated for endocarditis. However, we also identified mutants with only reduced biofilm formation or with only attenuation in the endocarditis model. This result indicates that the ability to form biofilms in vitro is not associated with endocarditis virulence in vivo in S. sanguinis.
Streptococcus sanguinis is a normal inhabitant of the human oral cavity. Like most oral streptococci, it produces green or alpha-hemolysis on blood agar and is therefore categorized as one of the viridans group streptococci. In one current classification scheme, the viridans group streptococci are divided into five groups, with S. sanguinis, Streptococcus gordonii, and Streptococcus parasanguinis comprising one of these (26) . S. sanguinis has no known direct role in oral disease but is often implicated in infective endocarditis. The viridans group streptococci are the most common cause of native-valve infective endocarditis, and among these bacteria, S. sanguinis is the most common (25, 48) . Endocarditis is an infection of heart valves or the endocardium. In native-valve endocarditis, infecting bacteria adhere to "vegetations" composed of host components such as fibrin and platelets that form at sites with preexisting injuries (47) . Even in the present era of antibiotic availability, endocarditis causes substantial morbidity and mortality. Recent retrospective studies have reported endocarditis mortality rates ranging from 12 to 46% (76) . In addition, infective endocarditis is the fourth leading cause of life-threatening infectious disease syndromes (6) .
S. sanguinis is also known as a pioneer colonizer in the formation of the oral biofilm known as dental plaque. Biofilms are formed by microorganisms in well-organized and cooperative communities covering biotic or abiotic surfaces in nature. The initiation of oral biofilm development is caused by the adhesion of primary microorganisms, such as streptococci, to a salivary glycoprotein-coated surface (33) . The pioneer organisms provide a new surface and appropriate metabolic or other signals for the attachment of succeeding organisms in the biofilms (33) .
The association of biofilm formation in vitro and endocarditis has been investigated in several laboratories. Some studies have suggested a lack of association. It was reported that most viridans group streptococci isolated from patients with endocarditis or with neutropenic bloodstream infections did not form biofilms in vitro (10 of 18 and 16 of 22, respectively) (64) . Moreover, three strains of S. gordonii with mutations in comD, fruK, and pbp2b that did not form biofilms on fibronectincoated plates in CDEN medium plus 0.015% yeast extract were found not to be attenuated for virulence in endocarditis (12) . On the other hand, endocarditis involves the growth of colonies of bacteria within layers of extracellular matrix and therefore has properties of a biofilm infection (57) . Also, biofilm formation has been proposed to be important for endocarditis in other studies. For example, a study showed that endocarditis isolates of Enterococcus faecalis produced significantly more biofilms than nonendocarditis isolates (46) . In E. faecalis, a biofilm-defective ebp mutant was significantly attenuated in an endocarditis model (51) . Therefore, the association of biofilm and endocarditis virulence remains in doubt. To determine whether the ability to form biofilms in vitro is associated with endocarditis virulence, we have examined biofilm formation with a signature-tagged mutagenesis (STM) library of S. sanguinis strain SK36. We present here the identification of several new genetic loci that are required for biofilm formation in S. sanguinis. We found some mutants that were both biofilm defective and reduced in virulence for endocarditis in a rabbit model. We also found additional mutants with biofilm deficiency but normal virulence. This suggests that biofilm formation is not associated with endocarditis virulence in S. sanguinis.
MATERIALS AND METHODS
Bacterial strain and medium. S. sanguinis strain SK36, obtained from Mogens Kilian, was isolated from human dental plaque (31, 34) . The complete genome sequence of this strain has been recently reported (77) . The strain was routinely grown in an atmosphere of 10% H 2 , 10% CO 2 , and 80% N 2 at 37°C in brain heart infusion broth (BHI; Difco Inc., Detroit, MI) supplemented with 1.5% (wt/vol) agar as described previously (55) . Bacterial growth was determined with a FLUOstar plate reader (BMG Labtech, Offenburg, Germany).
Biofilm formation assay. The biofilm formation assay used in this study was based on the method of O'Toole (54) . Flat-bottom polystyrene microtiter plates (Nunc 269787; Nalge Nunc International, Rochester, NY) containing 100 l of tested medium per well were inoculated with 1 l of a culture of S. sanguinis SK36 or its mutants grown overnight in BHI without agitation. After 16 h of incubation at 37°C either aerobically or anaerobically, total bacterial growth was determined by measuring the absorbance at 450 nm of cultures in the wells with a FLUOstar microplate reader. Biofilm formation was quantified in parallel plates as follows. Media were decanted from wells, and the remaining planktonic cells were removed by rinsing with 200 l of distilled H 2 O. Fifty microliters of 0.4% (wt/vol) crystal violet (CV) solution was added to each well. After 15 min, wells were rinsed three times with 200 l of distilled H 2 O and air dried. The CV was solubilized in 95% ethanol, and the absorbance at 600 nm was measured with a FLUOstar plate reader.
Identification of interrupted genes by AP-PCR. The arbitrary primed PCR (AP-PCR) technique was used to identify interrupted genes as described previously (20) . Briefly, 10 ng of genomic DNA, 0.5 M arbitrary primer, and 0.2 M transposon primer were used for a first-round PCR. Cycling conditions were as follows: 95°C for 5 min, followed by six cycles of 95°C for 30 s, 30°C for 30 s, and 72°C for 1.5 min; 30 cycles of 95°C for 30 s, 45°C for 30 s, and 72°C for 2 min; and finally 72°C for 4 min. One-eighth of each purified PCR product was then used for a second-round PCR with the Arb2 primer and a nested transposon primer at 0.2 M each. Cycling conditions were as follows: 95°C for 1 min, followed by 30 cycles of 95°C for 30 s, 52°C for 30 s, and 72°C for 2 min, and then 72°C for an additional 4 min. Second-round PCR products were sequenced with Arb2 and nested transposon primers.
Assessment of virulence in a rabbit endocarditis model. Competitive-index (CI) assays were performed as described previously (55) , except that the virulent parent strain was a derivative of SK36 marked with erythromycin (ERM) resistance (JFP36; L. S. Turner et al., unpublished data) rather than SK36. Briefly, JFP36 and a mutant strain were grown anaerobically in BHI at 37°C overnight and then coinoculated into 12.6 ml prewarmed BHI or biofilm medium (BM) (40) with 1% (wt/vol) sucrose. Incubation was continued for 3 h. Cells were washed and suspended in phosphate-buffered saline to an optical density at 600 nm of 0.8. Five hundred microliters was inoculated into the peripheral ear veins of rabbits which had catheters placed over the aortic heart valve through the carotid artery as described previously (55) . Dilutions of the inocula were plated by a two-layer plating technique, with the top layer containing 20 g/ml ERM or 10 g/ml chloramphenicol (CM). The day after inoculation, rabbits were sacrificed and heart valve vegetations were collected, homogenized, serially diluted, and incorporated into layer plates for enumeration as described above. Ratios of mutant to wild-type strain CFU counts were determined for the inoculum and for each vegetation from the geometric mean of colony numbers obtained from three plates each. The CI was determined as the mutant/wild-type ratio of the homogenate divided by the mutant/wild-type ratio of the inoculum. Paired t tests were used to determine whether CI values were significantly different from 1, with ␣ ϭ 0.05. All strains were tested in three or four animals each.
An individual inoculation study was performed as for the CI assays, by using 
RESULTS
Establishment of a biofilm formation screening system for S. sanguinis. Several approaches have been used for the identification of biofilm formation genes. One of the most efficient and fruitful approaches has been to screen for biofilm-defective mutants on abiotic surfaces such as polystyrene microtiter plates. This method can be used to screen large numbers of mutants simultaneously and has been successfully used for the identification of novel biofilm formation genes in Staphylococcus epidermidis (30) , Escherichia coli (62) , and Pseudomonas fluorescens (53) . It has also been used for oral streptococci such as S. mutans (78) , S. gordonii (40) , and S. parasanguinis (27) . We essentially applied to S. sanguinis the biofilm formation conditions used for screening biofilm mutants in S. gordonii Challis and S. parasanguinis FW213 as previously described (27, 40) . To establish the optimal experimental system for screening biofilm-defective mutants, the biofilm formation of S. sanguinis was first examined under different growth conditions.
Eight different media that have been used for streptococcal growth or biofilm formation were examined in the S. sanguinis biofilm assay, including BHI (60), BM (40) , chemically defined medium (78) , complete saliva (63), FMC medium (69), ToddHewitt broth (27) , Trypticase soy broth (27) , and tryptoneyeast extract medium (18) . To examine the effect of sucrose or glucose on biofilm formation, all media were supplemented with 1% (wt/vol) glucose or sucrose.
We found that S. sanguinis formed uniform biofilms at the bottom of the microplate wells. Biofilm formation and growth were quantified as described in Materials and Methods (Fig.  1) . The results indicated that S. sanguinis formed biofilms under several of the conditions tested. Biofilm formation was greatest, however, in BM supplemented with sucrose under the anaerobic condition. This condition was therefore used to screen for biofilm-defective mutants.
Screening for S. sanguinis biofilm-defective mutants from an STM library. We previously described the creation by in vitro transposition and virulence screening of a library of 800 signaturetagged mutants of SK36 (55) . For the present study, we screened this library with the biofilm formation assay. Each mutant, taken from a single colony, was retested three times in the biofilm assay. The signature-tagged mutants were grown in individual wells of microtiter plates under CM selection. About 10 5 CFU of overnight growing cells were inoculated into 100 l of BM with sucrose in quadruplicate wells. The biofilms were CV quantified after 16 h of growth under anaerobic conditions, as described in Materials and Methods. We disregarded any mutants that gave inconsistent results in the three biofilm assays or that were significantly impaired for planktonic growth. From a total of 800 signature-tagged mutants, we finally selected 8 mutants that showed consistently significant biofilm reduction and grew normally after three screening cycles. These mutants were 2-2, 4-1, 4-29, 5-3, 5-19, 8-3, 8-20, and 9-10 ( Table 1) .
In our previous STM screen in a rabbit endocarditis model, we obtained 38 putative avirulent mutants from a screen of 800 signature-tagged mutants (55) . We noted that four of the eight biofilm-deficient mutants (2-2, 4-29, 5-3, and 9-10) were included among the previously identified avirulent mutants. To compare biofilm formation in all of the attenuated mutants in parallel, we reexamined their biofilm formation in our standard biofilm assay (Fig. 2) . The result confirmed that only these four mutants, 2-2, 4-29, 5-3, and 9-10, showed greaterthan-twofold reductions in biofilm formation. This result indicated that many mutants that were attenuated for endocarditis formed normal biofilm.
Identification of the interrupted S. sanguinis genes. To identify the interrupted S. sanguinis genes in the biofilm-defective mutants, the modified AP-PCR method for rapid characterization of transposon insertion sites was used (20) . The sequences of flanking regions were BLAST searched against the completed S. sanguinis SK36 genome (77) . Four of eight mutants, 9-10, 2-2, 4-29, and 5-3, had been previously characterized by AP-PCR (55) . Three of the four additional biofilmdefective mutants, 5-19, 8-3, and 8-20 , were characterized by AP-PCR. However, one mutant (4-1) could not be completely characterized because vector sequences were found on both sides of the inserted minitransposon (Table 1) .
S. sanguinis biofilm formation in different media. Bacteria were grown in polystyrene microtiter plates containing the indicated media (open bars) or media supplemented with 1% (wt/vol) glucose (black bars) or sucrose (gray bars). Bacterial growth and biofilm formation were measured after a 16-h incubation under aerobic and anaerobic conditions as described in Materials and Methods. All assays were performed in quadruplicate, and standard deviations are shown. OD 450 and OD 600 , optical densities at 450 and 600 nm, respectively. CDM, chemically defined medium; CS, complete saliva; TH, Todd-Hewitt broth; TS, Trypticase soy broth; TY, tryptone-yeast extract medium. 
VOL. 76, 2008 STREPTOCOCCUS SANGUINIS IN BIOFILMS AND ENDOCARDITIS 2553
Mutants 9-10 and 2-2 contained distinct insertions within the same gene, purB, which encodes adenylosuccinate lyase (SSA_0046). Mutant 4-29 was previously shown to contain an insertion in the thrB gene, which encodes homoserine kinase (SSA_1044), which is involved in threonine biosynthesis (Table  1 ) (55) . The transposon insertion in mutant 5-3 could not be characterized on one side by AP-PCR; the other side was flanked by an interrupted gene which encodes a putative Znbinding permease (SSA_0138). This gene is a homolog of adcA, one of four genes in the S. sanguinis adc operon. The adc operon also consists of four open reading frames, adcR, adcC, adcB, and adcA, in S. gordonii Challis and S. pneumoniae. This operon was implicated in biofilm formation by S. gordonii Challis and in genetic competence in S. pneumoniae (22, 41) , although the expression of these genes is not responsive to competence-signaling peptide in S. gordonii (70) . The identification of the adcA gene homolog suggests the comparability of our biofilm gene screen with that performed with S. gordonii Challis (41) . Two mutants, 5-19 and 8-20, contained transposon insertions at the exact same location within the purL gene (SSA_0030; Table 1 ). This gene was annotated as encoding phosphoribosylformylglycinamidine synthase (EC 6.3.5.3) in S. sanguinis (77) . The purL gene, involved in the de novo purine biosynthetic pathway, was identified as a virulence factor in three S. pneumoniae STM studies (29, 38, 61) . Here, the purL gene was shown to be involved in biofilm formation. One mutant, 8-3, contained an interrupted gene, pyrE (SSA_1240), which encodes orotate phosphoribosyltransferase, one of the enzymes responsible for de novo pyrimidine biosynthesis (75) .
Examination of biofilm formation mutants in different media. It has been reported that biofilm formation is influenced by the composition of the growth medium (40) . We also found that S. sanguinis formed more abundant biofilms in media supplemented with sucrose than in those supplemented with glucose (Fig. 1) . The environment of an infected heart valve in vivo is obviously different from the environment of the biofilm formation assay in vitro. Before examining the mutants for virulence in vivo, we wanted to confirm that the biofilm deficiency of the mutants was not confined to the specific medium used. We therefore also compared the biofilm formation of the mutants and the wild type in two additional media, FMC medium supplemented with 1% (wt/vol) glucose and BHI. All four mutants retained their biofilm reductions compared with the wild-type strain, although they all formed less biofilm in FMC medium and BHI than in BM with sucrose ( Fig. 3B and  C) . The biofilm reductions were statistically significant compared with the wild-type strain (P Ͻ 0.05). All four mutants showed levels of planktonic growth equivalent to that of the wild-type strain in both FMC and BHI media. This result suggested that the biofilm reductions of the mutants were not dependent on the specific media used. We also examined biofilm formation by SK36 and these four mutants in BM with sucrose after coating the wells with fibrinogen (8) . No biofilm formation by any of the strains was observed (data not shown).
Examination of biofilm-defective mutants for endocarditis virulence. The virulence of all 800 signature-tagged mutants was examined previously in a rabbit endocarditis model (55) . In these assays, the mutants were divided into 20 sets of 40 uniquely tagged mutants and each set was inoculated into two or three rabbits that had been previously catheterized to induce the formation of sterile vegetations. All of the mutants in the inoculum pool (input pool) and in the recovered bacteria from the infected vegetations (output pool) were analyzed by dot blotting. A putative decreased-virulence mutant was identified if it exhibited a weak hybridization signal in output blots but a strong signal in input blots (comparable to controls).
Mutants producing strong signals in both input and output blots were considered to have virulence indistinguishable from that of the wild-type strain (55) . Mutants producing weak signals in all blots were either present at low levels in both the inoculum and infected vegetations or could not be detected by hybridization for unknown reasons (55) . The published and unpublished results from the previous STM screen of the above eight biofilm-defective mutants were reexamined (Fig. 4) . Four of eight biofilm-defective mutants, 2-2, 4-29, 5-3, and 9-10, were judged to be attenuated in the original STM screen. The top panel of Fig. 4 confirms that all four strains produced strong signals in the inoculum blot (suggesting that each tagged mutant was well represented in the inoculum pool) but weak signals comparable to the negative control in samples obtained from infected rabbits (suggesting low recovery from the infected vegetations). Two of the strains, 4-29 and 9-10, were further characterized previously with CI assays, which confirmed their attenuation in this model (55) . Mutant 2-2 contained the same interrupted purB gene as 9-10. Mutant 5-3, containing the interrupted adcA gene, appeared significantly attenuated by STM. We found that two mutants, 4-1 and 5-19, could not be assessed for virulence in the STM assay because the strains produced weak or no signals in all blots (Fig. 4, bottom panel) . However, we confirmed that mutant 8-20 exhibited strong signals in both input and output blots in three rabbits (Fig. 4) . The strong signals in this biofilmdefective mutant suggested that its virulence was not reduced significantly compared with that of the wild-type strain. Mutant 8-3 also appeared to have normal virulence in two rabbits, although it produced no signal in one rabbit (Fig. 4) .
The results of STM suggested that biofilm-defective mutants could be either virulent or attenuated for endocarditis. To confirm the endocarditis virulence of mutants 8-20 and 8-3 (with disrupted purL and pyrE genes, respectively), CI assays were performed to directly compare 8-20 or 8-3 with a derivative of the wild-type strain, JFP36. JFP36 contains an ERM resistance gene in the SSA_0169 locus. This strain has been shown to have virulence equivalent to that of SK36 in CI assays and biofilm formation equivalent to that of SK36 in the biofilm assay (Turner et al., unpublished). In the CI assay, similar numbers of cells of a biofilm-defective mutant and JFP36 were coinoculated into each of three or four rabbits. The ratio of mutant to JFP36 CFU counts in the inoculum and in the vegetations recovered from each rabbit was determined by incorporating serial dilutions into plates containing CM to select for the mutant or ERM to select for JFP36, as described in Materials and Methods. The CI is calculated as the mutantto-control output ratio divided by the input ratio. A value of Ͻ1 indicates reduced virulence or competitiveness of the mutant, whereas a value of Ͼ1 indicates increased competitiveness. Mutant 8-20 CI values ranged from 1.00 to 2.11 and were not significantly different from 1 (P Ͼ 0.24). This result was consistent with the dot blot results (Fig. 4) and suggested no significant virulence reduction in this mutant. Similarly, the CI ratio of 8-3 was not significantly different from 1 (CIs of 0.37 to 1.08 [P Ͼ 0.26]). To exclude the possibility that the wild-type strain was providing the mutant with some potential missing product in the CI assay, individual inoculation of rabbits with JFP36 or mutant 8-20 was also performed. After similar cell numbers of JFP36 (log 10 CFU count ϭ 7.94) and mutant 8-20 (log 10 CFU count ϭ 7.92) were each inoculated into separate rabbits, the bacterial recovery from vegetations inoculated with mutant 8-20 (mean log 10 CFU count ϭ 7.63; range ϭ 7.34 to 8.09) was not significantly different from that of those inoculated with JFP36 (mean log 10 CFU count ϭ 7.81; range ϭ 7.39 to 8.30 [P Ͼ 0.55]). The retention of virulence in the biofilmdefective mutants suggested that the ability to form biofilms in vitro is not required for the virulence of S. sanguinis in the rabbit endocarditis model.
In our established endocarditis model (55), prior to inoculation into rabbits, S. sanguinis is cultured in BHI-a medium that supports very little biofilm formation (Fig. 3) . It seemed possible that growth of cells under conditions that support biofilm formation in vitro might increase endocarditis virulence in vivo. If so, growth under these conditions might reveal decreased competitiveness of biofilm-deficient mutants relative to that of biofilm-producing control strain JFP36. To address this possibility, cells of mutant 8-20 and strain JFP36 cultured overnight were preinoculated into BM supplemented with sucrose for 3 h before the cells were mixed and coinoculated into three rabbits for a CI assay. The CI values from the three rabbits were not significantly different from 1 (CIs of 0.51 to 6.33 [P Ͼ 0.32]). Furthermore, the total number of colonies recovered from each infected vegetation (10 5 to 10 7 ) was less than or equal to the number typically recovered after the inoculation of an equivalent number of BHI-grown cells. This suggests that increased biofilm production prior to animal in- 
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DISCUSSION
We established a screening system for S. sanguinis to study biofilm formation in vitro. This system will promote biofilm studies of S. sanguinis for understanding the biological function of this organism in the oral environment. Several oral streptococci have been screened for their biofilm genes, including S. gordonii, S. mutans, and S. parasanguinis (27, 40, 78) . From our genome comparison, we found that S. sanguinis strain SK36 is significantly different from other streptococci whose genomes are publicly available. For example, the GC content of the S. sanguinis genome is 43.9%, higher than that of other streptococcal genomes, which contain less than 40% GC. It has a larger genome and codes for more proteins than the other 26 sequenced streptococcal genomes (77) . As one of the viridans group streptococci, S. sanguinis has long been recognized as a pioneer colonizer of teeth, along with other viridans group streptococci such as S. gordonii, S. parasanguinis, and S. mitis. Although S. sanguinis is closely related to S. gordonii and S. parasanguinis in phylogenetic analyses and they have many biological traits in common, there are undoubtedly significant differences in gene content among them. For example, we found more than 350 genes that are present in S. sanguinis strain SK36 but absent in S. gordonii Challis on the basis of a BLAST search (data not shown). It is likely that S. sanguinis possesses biofilm genes that may vary in S. gordonii or S. mutans.
A number of biofilm genes in oral streptococci have been identified and studied intensively because biofilm formation is important in the oral environment. These studies have resulted in the identification of a plethora of genes required for biofilm development. These genes have been associated with many different biological processes, including polymicrobial interactions, surface protein adhesion, cell wall and envelope membrane structures, signal transduction and quorum sensing, carbohydrate metabolism, and exopolysaccharide biosynthesis (1, 4, 10, 11, 13, 14, 27, 32, 36, 37, 39, 40, 56, 58, 68, 71-73, 78, 79) . We report here the identification of five genes required for biofilm formation in S. sanguinis: adcA, pyrE, purB, thrB, and purL. To our knowledge, adcA is the only one of these to have been previously reported as required for biofilm formation in any bacterium (45) . Although these results should be confirmed by complementation analyses, the isolation of two strains each with mutations in the same genes (purB and purL) and the shared involvement of these two genes and pyrE in nucleotide biosynthesis lend support to the involvement of these genes in biofilm formation. Several genes which encode components of the pyrimidine nucleotide biosynthetic pathway have been reported to be induced in biofilms when comparing gene expression in Staphylococcus aureus biofilm and planktonic cells (7) . The pyrE gene has also been reported to be differently expressed in biofilm and tissue communities of Streptococcus pyogenes (16) . Three oral streptococcal genomes are now available in public databases: S. mutans UA159 (2), S. sanguinis SK36 (77), and S. gordonii Challis CH1 (70) . We compared the distributions of the five putative biofilm genes among the three oral streptococci (Fig. 5) . All five genes were present in all three oral streptococci, although they had different degrees of sequence conservation and were in different genomic locations.
The purL and purB genes are especially interesting. Both are involved in purine biosynthesis. The purB gene product, adenylosuccinate lyase (EC 4.3.2.2), catalyzes two distinct reactions in the biosynthesis of purines, with the latter step producing AMP from adenylosuccinate. The purL gene product (EC 6.3.5.3) catalyzes an earlier step in the same pathway. The two genes are separated by a DNA segment more than 14 kb in length and containing 14 genes, suggesting that neither mutation affects biofilm formation simply by affecting the expression of the other gene. If both mutations affect biofilm formation by reducing AMP synthesis, we would expect the mutation of a number of other genes in the same pathway to have the same effect. In that case, it would be surprising that this pathway has not been identified in any of the previous screens for biofilm genes in other viridans group streptococci. Purine synthesis has previously been speculated to play a crucial role in biofilm formation in nonstreptococcal species (21, 42) . This role is suggested to be indirect in the regulation of the ica operon, the best-understood operon in staphylococcal biofilm formation (52) . It is also interesting that the S. sanguinis purB mutant is attenuated in both biofilm formation and virulence for endocarditis whereas the purL mutant exhibits only biofilm reduction. Both the purB gene and the purL gene have been shown to be important for virulence in studies performed with S. pneumoniae (38) and with Bacillus anthracis (65) . Given these results and the overall similarity of the S. pneumoniae and S. sanguinis purine pathways (P. Xu, unpublished observations), it is more surprising that purL is not required for virulence in S. sanguinis than that purB is. Indeed, it has been suggested that not only purB and purL but also pyrE and other nucleotide biosynthetic genes are required for survival in blood by both gram-negative and gram-positive species (65) . Our finding that the purL and pyrE mutants retained normal virulence suggests that this is not universally true.
Biofilms are usually defined as microorganisms attached to a solid surface via a polymeric matrix that is largely microbial in origin (17) . Dental plaque is a well-known example of such a biofilm. For viridans group streptococci, at least two sources of extracellular matrix have been identified-glucans and DNA. Several oral streptococci produce abundant biofilms when grown in the presence of sucrose (3, 15, 27, 28, 40, 71, 74) , as is true for S. sanguinis (Fig. 1) . Glucan production by extracellular glucosyltransferase enzymes found in most streptococci is likely largely responsible for this phenotype (5) . In the absence of sucrose, such glucan production does not occur (67) . In this case, less biofilm formation, which has been shown in one instance to depend upon the binding of cells to extracellular DNA, may still occur (59) .
Prosthetic valve endocarditis caused by microorganisms such as coagulase-negative staphylococci and Candida albicans has long been recognized as dependent upon biofilms, as slime or capsule production is important for these microorganisms to initiate and maintain attachment to the prosthetic valve (17, 23, 57) . Moreover, biofilm formation in vitro can be correlated with virulence in vivo (43, 66) . Native-valve endocarditis caused by viridans group streptococci may not fit the strict definition of a biofilm. The vegetation in which the bacteria are embedded has been shown to be composed principally of platelets and fibrin (24) , which are of host rather than bacterial origin. Some evidence has been presented, however, to suggest that streptococci produce an extracellular matrix within the vegetation. Mills et al. (44) used microscopy in combination with histochemical staining to identify an extracellular matrix termed "glycocalyx" produced by various species of viridans group streptococci in rabbit vegetations. Furthermore, the amount of glycocalyx detected in vegetations could be correlated with the production of glycocalyx in vitro in a medium lacking sucrose. This suggests that some viridans group streptococci produce a sucrose-independent extracellular matrix within the vegetation. Further, Dall and Herndon (19) reported that glycocalyx production in vitro correlated strongly with the ability to cause endocarditis among clinical isolates-20 of 24 isolates from patients with endocarditis were positive for glycocalyx production, while only one of 24 isolates from nonendocarditis patients were positive. This suggests that glycocalyx production is advantageous for causing endocarditis, if not absolutely required. In Dall's study, glycocalyx production was assayed with pooled rabbit serum as the carbon source, indicating sucrose independence of glycocalyx production.
More recent studies have also suggested a link between biofilm formation and streptococcal endocarditis (27, 35, 50) . Indeed, two of the four genes identified in our previous STM screen as contributing significantly to virulence for endocarditis (purB and thrB) (55) were also identified in the present study as being required for biofilm formation. An additional mutant that was identified as reduced in virulence (5-3; Fig. 4 ) was also found to be biofilm defective (Fig. 2) . This mutant contained a defective adcA gene, one of four genes in the reported biofilm operon, which encodes a component of a metal uptake system (41) . However, we identified two mutants, 8-20 and 8-3 , with mutations in the purL and pyrE genes, respectively, that were defective for biofilm formation yet retained virulence for endocarditis. As is true for most studies that have examined the linkage between biofilm formation and endocarditis (12, 46, 51, 64) , we assayed biofilm formation in vitro in a microtiter plate assay. Clearly, this assay does not model the conditions found in a heart valve vegetation. We therefore performed the assay with a variety of growth media but found none that allowed biofilm formation by any of the mutants tested. Further, to produce a surface more similar to that of a vegetation, we attempted to assess biofilm formation by wild-type and mutant strains after coating microtiter wells with fibrinogen. This eliminated biofilm formation in the parent strain, as well as in the mutants (data not shown). Thus, we can find no condition under which these mutants produce biofilms and no association of biofilm formation with endocarditis virulence.
Bizzini et al. recently reached a similar conclusion about S. gordonii (12) . Using the rat endocarditis model, they found no reduction in the density within vegetations of three biofilmdefective mutant bacteria compared to the wild-type parent strain. Our study complements theirs in several ways. First, we examined S. sanguinis rather than S. gordonii. Although these two species are closely related, the virulence mechanisms of the two species may differ. Second, we used the rabbit model rather than the rat. We have found that SK36 infects rabbits far more reliably than rats (55) , suggesting subtle differences in the two models. Third, we used a CI assay in which the wildtype and mutant strains competed for colonization and growth in the same animal. The CI assay is often more sensitive to small changes in colonization efficiency, and fewer animals are required (9) . However, the advantage of the individual inoculation approach is that the wild-type strain is separated from the mutant and cannot provide any potential missing products. Therefore, we also examined the virulence of biofilm-defective mutant 8-20 by this approach. We found no difference in bacterial recovery from rabbits inoculated with mutant 8-20 compared to those inoculated with virulent strain JFP36. Fourth, we examined a collection of nearly 1,000 randomly generated mutants for both the abilities to cause endocarditis and form biofilm, rather than selecting a few biofilm-defective mutants for examination in an endocarditis model. In this screen, we identified not only mutants that were deficient in either biofilm formation or endocarditis virulence but also mutants that were deficient in both. Finally, the Bizzini study allowed only for the possibility of biofilm formation within the host animal. We wanted to examine, in addition, the possibility that biofilm formation prior to inoculation increases endocarditis virulence. Viridans group streptococci, including S. sanguinis and S. gordonii, are prominent components of dental plaque. In human infections, these bacteria may enter the bloodstream encased within the dental plaque biofilm, and human plaque samples have been shown to cause endocarditis in an animal model (49) . Thus, the contribution of biofilm formation could be prior to entry into the bloodstream. We found, however, that the growth of mutant and wild-type strains under conditions that promote abundant biofilm formation neither decreased the competitiveness of biofilm-defective mutants nor increased the recovery of the biofilm-proficient control strain. Thus, there is no evidence that biofilm formation either during or prior to inoculation enhances the infectivity of S. sanguinis.
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